A high-voltage sensor was developed by driving optical fibre Bragg gratings, mechanically fixed along the radial direction, with a conventional piezoelectric disc. A wavelength shift modulation is obtained as a result of the converse piezoelectric effect. The measured output signal is linear. The voltage upper limit depends on the type and thickness of the piezoceramic. A sensor built with a disc of piezoelectric PZT-4 type, 6.33 mm thick, has a dynamic range of 6.33 kV rms , a sensitivity of ∼0.108 mV p−p kV −1 rms , and a resolution of ∼0.15 kV rms , at 60 Hz. Changing the piezoelectric dimensions may enhance the sensitivity and resolution of the high-voltage sensor.
Introduction
Optical fibres have been used for voltage sensing applications because they have the advantage of electrical insulation and immunity to electromagnetic interference. Voltage sensors based on birefringence variations produced by an applied electric field in a Pockels cell have been demonstrated [1] [2] [3] [4] [5] [6] . An intrinsic voltage sensor based on the use of quartz strain transducers to produce phase modulations, as a result of the converse piezoelectric effect, in an arm of an all-fibre interferometer has been reported [7] .
A voltage sensor made by attaching a foil resistive strain gauge to a single piezoelectric ceramic (PZT) disc was reported by Kawamura et al [8] . One serious drawback of this approach, however, was the potential for dielectric breakdown, not to mention the noise coupling between the high-voltage (HV) source and the electric strain gauge. This problem can be avoided using optical fibre Bragg gratings (OFBGs) instead of the foil resistive gauge.
Fibre gratings, first reported by Hill et al [9] , have found applications in communications, sensing, lasers and many other areas [10] . The very narrow peak that these gratings reflect satisfies the Bragg condition, λ 0 = 2n , where n is the effective index of the fibre core and is the grating period. The centre wavelength, λ 0 , can be shifted by any external perturbation which affects the spacing , e.g. temperature or strain variations. This effect has been used for strain, pressure and temperature sensing applications. For the strain case, the magnitude of the wavelength shift, λ 0 , is dictated by the elongation of the grating period and the photoelastic effect. If the applied strain is an extension or compression, then λ 0 will be positive or negative respectively. Piezoelectric materials have been used as strain transducers for fibre gratings.
Fisher et al [11] reported an electric current sensor that was operated using a conventional current transducer to produce a voltage, which was then applied to a piezoelectric cylinder transducer with an OFBG attached to its side. A wavelength shift response was obtained as a result of electrical current variations. The results obtained with a lowcost high-voltage sensor made of a fibre grating attached to a piezoelectric ceramic disc are reported here. This device may be used for the telemetric monitoring of high-power distribution lines. Using an interferometric wavelength demodulation system can enhance resolution.
Operation principle
Based on the inverse piezoelectric effect reached under an applied voltage, a radial deformation is produced in the ceramic disc. The radial strain response S r of the piezoceramic, under the influence of an applied voltage V , is given by S r = r/r = 2d 31 V /t where r is the disc radius and t is its thickness. The piezoelectric constant d 31 is expressed as deformation caused on the PZT, when a voltage is applied, is transduced to the fibre grating as an axial strain. The resonance frequency of the grating is affected by any strain applied along its length. The grating wavelength shift ( λ 0 ) under the axially applied strain ( S ) is given by λ 0 /λ 0 = 0.78 / = 0.78 S , where and are the grating length and its deformation respectively.
Under the assumption that 100% of the PZT radial strain is transduced to the grating, it can be written that S r = S . Therefore,
Thus, the sensor has a centre wavelength shift response proportional to the applied high voltage.
Piezoelectric materials
To obtain a linear, hysteresis-free voltage sensor, it is necessary to use the right piezoelectric material. In general, the strain response of a PZT depends on its shape, its composition and the poling process [12] . The radial mode of a disc shape presents the biggest converse piezoelectric effect. In order to select the most suitable piezoelectric for this sensor different materials were tested. The piezoelectric strain response under an applied AC voltage was monitored. The experimental set-up used for this test is shown in figure 1 . A strain gauge was fixed on each ceramic disc, along its diameter. The 3800 Strain Indicator, supplied by Measurement Group, Inc., with the 1 4 -bridge configuration was used to monitor resistance variations under voltage changes given by the strain gauge.
The piezoelectric deformation under a DC voltage was also measured by using a fibre optic reflectance compensated displacement sensor. Figure 2 shows the experimental setup used to monitor the piezoelectric elongation under an applied voltage. An infrared mirror was fixed at the top of the piezoelectric. The sensor head was positioned over the mirror by using a micropositioning mechanical array. The sensor output signal was monitored with a digital multimeter.
The piezoceramic materials tested as described above were commercially known types, PZT-5H, PZT-5A, PZT-8, PZT-4 and PZT-4D, provided by Morgan Matroc, Inc. The deformation of PZTs obtained from the converse piezoelectric effect is characterized by the presence of hysteresis, which appears due to the time delay in domain switching [13] . Removal of the hysteresis in PZT materials is of the utmost importance for sensing applications. Figure 3 shows a comparison between the strain response of PZT-5H and PZT-4 piezoelectric types under an applied DC voltage. A comparison between the obtained strain response of different piezoelectric types, under an applied AC voltage, is shown in figure 4 . In general, the results indicate that the larger the piezoelectric effect in a given PZT, the greater the hysteresis. Piezoelectric types PZT-4 and PZT-8 were found to be appropriate for the application presented here. 
High-voltage sensor
A uniform OFBG was attached to a PZT-8 piezoelectric ceramic disc along its diameter. M-BOND 200 adhesive wasused with a conventional strain gauge installation procedure to attach the fibre grating. The PZT disc had a diameter of 38.5 mm and a thickness of 6.33 mm. The fibre grating had a length of 10 mm and its Bragg wavelength was centred at 1539.42 nm. As shown in figure 5 , the OFBG was connected to a wavelength demodulation scheme that has an operation principle based on the radiometric filtering technique [14, 15] . Such a device has its own optical source, couplers and linear filter. A digital oscilloscope was used to monitor the analogue output of the wavelength demodulation system. The applied voltage was obtained from a high-voltage power supply, and was monitored with an oscilloscope.
The inset of figure 6 shows the reflected spectra at −5 kVDC, 0 and 5 kVDC. A wavelength shift of ∼0.25 nm was obtained between the reflected spectra at −5 kVDC and +5 kVDC. These spectra were obtained by using an optical spectrum analyser. The sensor output signal under an applied AC voltage is linear. The sensor was tested from 0 to 5 kV rms . The maximum electric field the PZT-8 piezoceramic type supports, however, is 15 kV rms m −1 [16] , which represent 9500 V rms for a thickness of 6.33 mm. The upper axis of figure 6 indicates the equivalent electric field, which is obtained by E = V rms /t. A high-voltage sensor based on the PZT-8 material showed a sensitivity of ∼40 mV p−p kV
Considering a PZT-4 type piezoelectric instead of the PZT-8 type increases sensitivity. As can be seen in the inset of figure 7 , a wavelength shift of ∼0.61 nm between the reflected spectra at −5 kVDC and 5 kVDC was obtained with the PZT-4. The piezoelectric thickness was 6.33 mm and its diameter was 38.5 mm. This figure shows the sensor output signal under an applied AC voltage. In this case a sensitivity of 108 mV p−p kV −1 s was obtained. The depoling electric field of the PZT-4 type is 10 kV rms m −1 [16] , so that the voltage limit for this sensor is ∼6330 V rms , which represents ∼66% of the voltage limit for a sensor using PZT-8 material. The dynamic range and sensitivity of this voltage sensor can be adjusted by choosing an appropriate piezoelectric thickness. Shortening the piezoelectric diameter, the only physical limitation of which is the grating length, can also enhance the sensitivity [8] . Voltage resolution is determined by the wavelength demodulation system resolution. For the voltage sensor based on a PZT-4 piezoelectric type, the minimum detectable voltage was 0.15 kV rms . A better voltage resolution can be obtained by using a wavelength demodulation system based on the interferometric approach [17] . Since the dynamic range depends on the piezoelectric thickness, a maximum voltage of 20 kV may be detected by using a thickness of 2 cm.
In order to compare the sensor input and output signal waveforms, the applied voltage was measured by using a 1000 × HV probe connected to the second channel of the digital oscilloscope. Figure 8 shows a comparison between the applied AC voltage and the OFBG demodulation system output signal waveforms, at 0.65 kV rms . It should be noted that the signals are in phase.
The frequency response of this sensor is limited by the frequency dependence of the inverse piezoelectric effect. PZT-based piezoelectric ceramics exhibit, however, low frequency dependence below 1 kHz, and piezoelectric constants are very stable from 0 to 100 Hz [8, 11, [18] [19] [20] [21] .
The output signal of this sensor is given by the grating wavelength shift obtained between two consecutive peaks of the AC applied voltage. On the other hand, PZT-4 and PZT-8 piezoceramic types exhibit the smallest temperature dependence of lead-zirconate-titanate (PZT) ceramics, between −100
• C to +200
• C [16, 22] . The thermal expansion coefficient of PZT-4 piezoceramic is ∼1.5 × 10 −6 • C −1 . Considering the very low frequencies of temperature variations, this sensor is not affected by the piezoelectric thermal expansion within this range. The piezoelectric constant d 31 changes by temperature variations, which can affect the sensor output signal. For the piezoelectric type PZT-8, however, d 31 shows stable behaviour from 0 to 130
• C. This effect is less than 5% for the ceramic type PZT-4 between −100
• C.
Conclusion
A high-voltage, piezoelectrically modulated OFBG sensor was made by attaching a uniform OFBG to a piezoceramic disc. Piezoelectric ceramic PZT-8 and PZT-4 types were found to be appropriate for this application. A linear output signal under an applied AC voltage was obtained.
For the PZT-8 based sensor with a thickness of 6.33 mm, a dynamic range of ∼9500 V rms with a sensitivity of ∼40 mV p−p kV rms when a piezoelectric ceramic PZT-4 type was used. For the latter the dynamic range decreased to ∼6330 V rms . For both the PZT-8 and the PZT-4 based sensors, a resolution of ∼0.15 kV rms was obtained, which was determined by the wavelength demodulation system resolution. Shortening or enlarging the piezoceramic thickness and diameter can modify the sensitivity and dynamic range. The resolution of the system can be improved by monitoring the wavelength shift under an applied voltage with a device based on the interferometric approach.
